We measured the proper motion of a γ-ray radio-quiet pulsar J0633+0632 using Chandra observations performed in 2009 and 2017. The measured proper motion is 53 ± 15 mas yr −1 . We found that the proper motion direction does not follow the extension of the J0633+0632 pulsar wind nebula. The J0633+0632 pulsar wind nebula therefore can be a jetlike feature or a misaligned outflow. We also discuss a possible birth cite of the pulsar.
Introduction
The radio-quiet pulsar J0633+0632 (hereafter J0633) was discovered in γ-rays by the Fermi observatory [1] . The pulsar has a period P = 297.4 ms, a characteristic age τ = 59.2 kyr, a spin-down luminosityĖ = 1.2 × 10 35 erg s −1 , and a surface magnetic field B = 4.9 × 10 12 G [2] . Follow-up Chandra observations showed that J0633 is one of the brightest pulsars in X-rays (its flux F X ∼ 10 13 erg cm −2 s −1 ) among those discovered by Fermi [3] . The pulsar X-ray spectrum shows signs of thermal emission from the neutron star surface as well as non-thermal emission of the pulsar magnetosphere origin [3, 4, 5] .
There is an elongated pulsar wind nebula (PWN) extended southwards the pulsar (figure 1). Similar tail-like PWNe are usually observed behind fast-moving pulsars, as, for instance, the Mouse nebula around PSR J1747−2958 [6] . We can assume that J0633 might as well be moving fast. From a lifetime of electrons emitting synchrotron X-rays (≈ 10 3 yr) and the J0633 PWN elongation (≈ 1. ′ 3), one can expect the proper motion µ ≈ 80 mas yr −1 [4] . If the pulsar were moving with such a proper motion, assuming the spin-down age, the angular shift from the pulsar birth-cite would be ≈ 1. • 3. Curiously, there is a young and active star-forming region, the Rosette nebula, seen at about the same angular distance from the pulsar (figure 2).
To measure the pulsar proper motion and examine the presumed association of the pulsar with the Rosette nebula, we performed new Chandra observations of J0633.
Observations
We observed J0633 with Chandra on 2017 December 10 (table 1). Due to some technical reasons, observations were divided into halves. For reference, we also used the archival Chandra data on J0633 obtained about 8 yr earlier (table 1) . We reprocessed all data sets using CIAO v.4.9 chandra repro tool.
In figure 1 , we present an image of the J0633 vicinity combined from all data sets obtained using the CIAO merge obs tool. For point-source detection and position measurements, we used the CIAO wavdetect tool and images in the 0.5-7 keV band. For Chandra, besides statistical errors returned by wavdetect, there is a systematic positioning inaccuracy of ≈ 0. ′′ 07 [8] which we also took into account. There are luckily at least three background stars seen around J0633, marked by numbers in figure 1 , which are detected with signal-to-noise ratios greater than 3 in all three data sets. We then used the measured positions of these three background stars, to find an optimal astrometric solution which aligns all the Chandra images together. For the solution, we used a linear transformation which allows for the image shift, rotation and also for an offset between positions of the pulsar at the two epochs. 
Results and discussion
In table 2, we show best-fit values and 1σ credible intervals for the offset, an absolute value of the pulsar proper motion, µ, and the proper-motion position angle. Note that the proper motion absolute value is in a reasonable accordance with initial crude estimates. We also show the pulsar transverse velocity scaled by a distance, D kpc , to the pulsar measured in 1 kpc in table 2. The J0633 distance, 0.7-2.2 kpc, was estimated using empirical relations between interstellar absorption and distance [5] . This distance range corresponds to transverse velocities of 130-730 km s −1 which is in agreement with the empirical distribution of pulsar velocities [9] .
However, the pulsar proper motion direction is unexpected. In figure 2 , we present an image of the Rosette Nebula and the Monoceros Loop (G205.5+0.5) supernova remnant (SNR). The latter is a large shell-type middle-aged (30-150 kyr) SNR which may interact with the Rosette Nebula [10, 11] . Using the pulsar proper motion, we constrained coordinates of the pulsar birth cite. Credible regions of the pulsar coordinates 60 kyr back (the characteristic age) are shown in figure 2 .
As it is seen from figure 2 , the J0633 birth-cite cannot be in the Rosette Nebula. It is also far from the Monoceros Loop center. On the other hand, the credible regions overlap with the open stellar cluster Collinder 106 which can be found in the WEBDA data base. It has an age t ≈ 5.5 Myr, a distance D ≈ 1.6 kpc and a diameter d ≈ 1 • . The cluster distance is compatible with the J0633 distance estimates and it is old enough so it had time to produce a pulsar.
The extension of the J0633 PWN does not follow the proper motion direction ( figure 1) . In other words, the nebula may have a jet-like/misaligned outflow morphology (see [12, 13] ). There are a number of examples of such morphology. For instance, PSR B2224+65 powers a long X-ray jet inclined by ∼118 • to the pulsar's proper motion direction [14] . Another interesting object is the Lighthouse nebula powered by PSR J1101−6101 which shows jet-like structures extended almost perpendicular to the elongation of the bow-shock PWN [15] . One more example is PSR J1509−5850 which has two 'tails' with the angle of ≈ 150 • between them [16] . These features can be attributed to the synchrotron emission produced by high-energy electrons which were accelerated at the PWN termination shock and escaped into the interstellar medium (ISM) with magnetic fields. In this case, the mentioned PWN structures likely reveal the ISM magnetic field geometry [17, 18] .
Misalignment between the proper motion direction and PWN elongation can also be provided by the reverse shock from the surrounding SNR. Such explanation was suggested for an extended PWN of PSR B1823−13 [19] . However, we have not yet found an SNR which can cause such misalignment in the case of J0633.
